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Preface

The investigation reported herein was conducted for the US Army Engineer
Waterways Experiment Station (WES) under Contract No. DACW39-89-K-
0018 by Dr. Alan L. Prasuhn, South Dakota State University, Brookings, SD,
under Work Unit 32552, *"Sediment Transport in Small Channels,” of the Flood
Control Channels Research Program of the US Army Corps of Engineers Civil
Works Research and Development Program. It documents modifications to the
original Ackers-White sediment transport function to allow for multiple grain
sizes, to include the new routine in HEC-6, and to increase the number of
grain size classes into the cobble-boulder range.

The study, conducted during the period 1989 to 1990, was under the gen-
eral supervision of Messrs. F. A. Herrmann, Jr., Director of the Hydraulics
Laboratory; Mr. R. A. Sager, Assistant Director of the Hydraulics Laboratory;
Mr. M. B. Boyd, Chief of the Waterways Division, Hydraulics Laboratory; and
under the direct supervision of Mr. W. A. Thomas, Research Hydraulic Engi-
neer, Waterways Division. This report was prepared by Dr. Prasuhn as part of
the contract, and was reviewed by Mr. Thomas, who was the Contracting
Officer’s Representative.

Attheﬁmeofpubliéationofthisrqaoﬂ,DiwctorofWBSwas
Dr. Robert W. Whalin, Commander was COL Bruce K. Howard, EN.




Conversion Factors,
Non-Sl to Sl Units of Measure

Non-SI units of measurement used in this report can be converted to SI
(metric) units as follows:

! To obtain Celaius (C) temperature readings from Fahrenhelt (F) readings, use the following  §
formula: C = (5/8)(F - 32). To obtain Kelvin (K) readings, use: K = (S/8)(F - 32) + 273.1S5. :




1 Introduction and
Procedures

The purpose of this report is to indicate what has been accomplished
concerning the modification of the Ackers-White sediment transport procedure
and its incorporation into HEC-6. The original proposed changes to the
Ackers-White procedure will be considered. These will be followed be a dis-
cussion of the initial problems that arose when the modified Ackers-White
procedure was incorporated into HEC-6. Finally, the procedure that evolved as
a result of the above difficulties and recommendations concerning their use in
HEC-6 will be presented.

The original Ackers-White procedure (1973) has beea thoroughly discussed
in the literature, e.g., Prasuhn, Lewandowski, and Bagherzadeh (1987). The
development, other than that necessary to explain the modifications, will not be
repeated here.

In addition, the HEC-6 code was expanded to include five additional sedi-

ment sizes (from small cobbles up o and including large boulders). This will
be covered first and in a fairly brief fashion.
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2 Expansion of HEC-6 to
Include Five Additional
Sediment Sizes

The existing HEC-6 code will handle 15 size fractions of sediment
(U.S. Ammy Engineer Hydrologic Engineering Ceater 1977). The research
proposal included the expansion of that code to include small and large
cobbles. Consistent with the format which addressed the sand and gravel sizes
in groupings of five sizes, the expansion actually includes three additional
sizes: small boulders, medium boulders, and large boulders. Subsequent to
that report a complete listing of all the required changes and where they occur
in HEC-6, subroutine by subroutine, has been furnished. They were also high-
lighted in a copy of the computer program.

The expanded program now accommodates the five additional sizes and the
printout should be consistent with all previous procedures. The dredging
routines, SDREDGE, $SED, $VOL, and perhaps some of the other special
options, however, were not thoroughly tested. There should be no operational
problems. The print format should be checked, however. The program will
now handle 20 size fractions of sediment: one size of clay, four sizes of silt,
five sizes sand, five sizes of gravel, small and large cobbles, and small,
medium and large boulders. It still remains, of course, to find a transport
function for the large sediments. It is felt that transport of at least the cobble
sizes are acceptable using this procedure, the Schoklitsch procedure, and

 maybe the Meyer-Peter and Muller procedure.

The program has been tested with many combinations of sizes up to the
maximum. This included tests with both four and less than four silt sizes.
Changes to the format statements have been avoided with few exceptions. The
E-level printout which gives all the Ackers-White parameters did not provide
enough room for large values of D_.. This column has been changed, but the
headings (VF, F, etc.) need adjustment too as they are inconsistent with the
cobble and boulder designations.

Whereas there are several sediment transport functions that may be able to
give a reasonable estimate of the cobble transport, there is almost no verifica-
tion of boulder transport. If HEC-6 is used for the transport of boulders, care
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should be taken to consider the reasonableness of the results. This expansion
of the code will not be discussed further in this report.
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3 Original Ackers-White
Procedure (Summary)

According to Ackers and White (1973), the sediment transport depends
upon a mobility factor Fg, given by the following expression

Pt v | ®
Jeds-1) |32 log(ay/dy)

Here s is the specific gravity of sediment particles, U, = the shear velocity, g
is the acceleration of gravity, V is the average velocity, y is the depth, d, is the
representative grain diameter (assumed by Ackers and White to be the d3
sizes), a is the rough turbulent flow coefficient (assumed by Ackers and White
to equal 10), and »n is a factor reflecting the sediment size. For Dg,. > 60,

n = 0, otherwise .

=10 - 0.56 log D, 2
The dimensionless grain size, Dx, is given by

Dy, = djg(s-DV11R 0

where v is the kinematic viscosity.

The dimensionless transport Ggr is then calculated from the mobility factor
according to
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Gg = C(FglA - )" @)

where the coefficient C, the exponent m, and the initiation of motion parameter
A are all determined by regression analysis as follows:

Transition range (1 < Dx, < 60)

log C = 286 log Dy, - (log Dg,)? - 3.53 ©)
m = 9.66/Dg, + 134 (6)
A= 0.23/‘/08, +0.14 @

Coarse range (Dg, > 60)

C = 0025 ®
m =150 (&)
A =017 ‘ (10)

The resulting dimensionless transport Gg, is related to the concentration X
(in 1b sediment/Ib water, or N sediment/N water), by

G = Xis)yldYu V)" (11)

The actual sediment transport may then be determined by either

Gu=32QX  (tonsiday) (12)
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Gp =X (V9

(13)

The resulting sediment transport is consequeatly the total bed material load
based on the representative size. It was not suggested by Ackers and White
that their procedure could be used to calculate the transport by size fractions.

Chapter 3 Original Ackers-White Procedure (Summary)




4 Modifications to the
Ackers-White Procedure
(Prasuhn Procedure)

The original proposal to modify the Ackers-White proposal has been pre-
sented and discussed on several occasions (Prasuhn, Lewandowski, and
Bagherzadeh 1987; Heng 1989; Prasubn and Heng 1990). In its final form it
may be summarized as follows.

In their procedure, Ackers and White introduced an initiation of motion
parameter A which they expressed as a function of the dimensionless grain
size, D_,. Using primarily transport data collected by White and Day (1982)
atthegdlingfordkmh&aﬁon(dedgmtedasHRSSaiesA)inawide
flume with a broadly graded sample a similar initiation of motion parameter A’
has been determined. The A’ values are the best A values based on the actual
White and Day measured sediment concentrations followed by back calcula-
tions for A using the. Ackers-White equations. These curves are plotted in
Figure 1 along with the White and Day data. The bed distribution of these
data can be expressed by the gradation coefficient © = (dgg/d;)!/? = 4.198.
The original Ackers and White data are considered to work best for a single
sediment size; thus the A versus D__ curve is associated with a value o = 1.
For values of D, < 56, A’ is than A, reflecting a "hiding factor”
similar to that of Einstein and thereby reducing the transport of the finer sizes.
WhDS,.>56,A'isleuMA,mlﬁnghan'exposnrefmr'fathe
larger sizes and resulting in increased transport.

The proposed procedure uses the o value of a given bed distribution as an
interpolating factor to get a best A” from Figure 1, for each size of bed
material, and heace of D_,. For each grain size the best A” is calculated as
follows: If 1 < 0 < 4.198, then A" is interpolated from the respective values
of A ndA',bmdonthegivenD‘,. Ifo=1then A" = A, if 0 = 4.198, then
A" =A'. If 0> 4.198, then A® is extrapolated based on the respective values
of A and A’. Thus an A” is determined for each sediment size. Once this is
accomplished, the transport of each size is calculated according to the
conveational Ackers-White procedure. The individual transport is then
adjusted by the p; factor to reflect the actual per ceat of that size found in the
bed.

Chapter 4 Modifications 1o the Ackers-White Procedure (Prasubn Procedure)




A second procedure, to be referred to as the Heng procedure, involved the
use of two graduation coefficients, 0; and 0,, defined by 0; = dsy/d;, and
0, = dg,/ds, These were used as interpolation factors in the same way as 0
above. They were used to reflect the bimodal nature of many bed distributions
and in tests of river data, did a slightly better job than the Prasuhn Procedure.
However, this procedure raised additional problems when incorporated into
HEC-6 and further, was difficult to justify theoretically. Therefore, although
the Heng procedure will be included in many of the figures, it will not be
recommended nor discussed further.

Chapter 4 Modifications to the Ackers-White Procedure (Prasuhn Procedure)




5 Verification of the Prasuhn
Procedure

Verification of the modified Ackers-White procedure has beea reported
previously (Prasuhn, Lewandowski, and Bagherzadeh 1987; Heng 1989, and
Prasuhn and Heng 1990). Additional results have been included here for
selected flume and river data. The concentrations shown in Figures 2-45
represeat either the concentration by size fractions or the concentration of the
total bed material load as indicated. There is clearly a variation in the
accuracy of the results, but they are generally quite acceptable and are as good
as can be achieved by other transport functions. As a general comment the
overestimation of the very fine sand and the tendency for gravel sizes to
increase as the particle size increases, major points that will be considered in
detail later, are not obvious here.

Figures 2-14 represent selected Wallingford HRS Series A data (White and
Day, 1982). Since the A" curve was based on these data, it does not represeat
a true verification. Figure 2 is the total concentration for each run and the
remaining figures are by size fractions. On these figures, and those that fol-
low, the L-B results can be ignored as representing early work. The A&W
data refer to the original Ackers-White procedure, and the Proposed refers to
the Heng procedure. Sediment sizes ranged from 0.063, the beginning of size
fraction 1, up to 15.7 mm, the end of size fraction 8. Those results labeled
cither Prasuhn or A&W will usually be of the greatest interest. Some of the
lower numbered runs refer to very low discharges, but generally a selection of
both good and poor results will be included. Note that each pair of figures
refers to a specific run, in one case referencing the calculated to the measured
data by a line of perfect agreemeat, and in the other comparing the calculated
to the measured data on a size by size basis. The dashed lines in the first case
give the range of variation within a factor of two. The size by size compari-
son is a much tougher comparison since it is on an arithmetic plot.

Figures 15-20 represent selected HRS Series B (White and Day, 1982)
results for which the sediment sizes ranged from 0.063 to 6.35 mm. These
data were not utilized in the developmental process. Figure 15 is once again
the total concentration, but based on the calculation by size fractions, except
for the original Ackers-White procedure (A&W). Note that the original
Ackers-White procedure overestimated the sediment transport in both cases.

Chapler 5 Verification of the Prasuhn Procedure
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The remainder of the figures are for transport by size fractions, however, all of
the runs are combined in Figure 16 which pertains to just the Prasuhn proce-
dure. In some cases there is considerable deviation from the measured data,
but not in any consistent fashion.

The remaining flume data which will be coasidered here were the data sets
collected at the St Anthony Falls Laboratory and reported by Hubbel et al.
(1987). The generally coarse material was distributed from 0.5 up to 32 mm.
These results, all based on the individual size fractions, are given in Fig-
ures 21-32. These would appear 1o give an excellent verification based on
independent flume data.

Figures 33-42 are based on sand and gravel data from the Platte River
(Kircher 1983). With the exception of the first figure, all results are shown by
size fractions on arithmetic plots. Both the Prasubn procedure and the original
Ackers-White procedure give fair results.

Total concentration results are given for two sites on the Rio Grande River
in Figures 43 and 44. Although the bed material was mostly medium to
coarse sand, the sediment ranged from very fine sand to medium gravel
(Nordin 1964).

The final river shown (Figure 45) is the Saake River data (Jones and Sietz
1980). Since the measured sediment sizes ranged up to 181 mm, it is unfortu-
nate that this is one of the poorer sets of total concentration results. As it
turns out, the original Ackers-White procedure gives the best results which is
inconsistent with our usual observation conceming the application of the
Ackers-White procedure for broadly graded sediments.

Chapter § Verlication of the Prasuhn Procedure




6 Incorporation of the
Prasuhn Procedure into
HEC-6

Problems with Incorporation

The original process of incorporating the modified Ackers-White procedure
into HEC-6 involved little more than setting up & separate subroutine which
was essentially parallel t0 the existing Ackers-White subroutine. However the

incorporation of the above proposed procedure into HEC-6 created a number
of problems which will be enumerated here.

The problems arose during either the coding or testing stages. They will be
treated separately in no particular order below, aithough they may be
interrelated. The resolution of the problems, or recommendations therefrom,
will be considered as they occur as well as summarized at the ead of the
section. :

a. nemdaﬁoncoefﬁdent,o-(dgjdldl’zwasmedtoapmthc
spread of the bed sediment distribution and as an interpolating and
extrapolating parameter for the incipient motion parameter A”. Previ-
ously only sand and larger sizes were considered, whereas in HEC-6
significant quantities of silt and clay are frequently encountered. It was
not reasonable to include the clay and silt sizes in the computation of o,
0 for purposes of this computation only, the bed was proportionally
recomposed ¢ include only the sand and larger sizes. This can not be
fully justified on the basis of hiding and exposure factors, but no alter-
native could be found. It does not appear 0 be a serious problem.

b. In the computation of o within HEC-6, evolving bed distributions,
which may not always have been reasonable, led to values of o well
beyond what had been previously experienced or tested. (The HRS
Series A data has a value 0 = 4.198.) It was felt that this was
unrealistic and G was set equal to 6 when values of o exceeded 6. This
again seemed to work wcii, but the value of 6 was somewhat arbitrary.

Chapler 8 Incorporation of the Prasuhn Procedure into HEC8
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c. During the testing with HEC-6 it was concluded that the hidingmd
exposure effects could not be pronounced when only sand sizes were
preseat so the modification procedure for A® was bypassed when D <
S0 for all sizes. This increased the very ﬁndsandtnnspon,mnhng
more apparent the concerns relative to the overestimation of the finer
material by the Ackers-White procedure. This apparent problem will be
discussed further, below.

d. Some considerable evidence is now available concerning the overestima-
tion of the fine sedimeats by the original Ackers-White procedure. In
comparisons based on the HEC-6 test runs, both the original Ackers-
White procedure and the modified Ackers-White procedure tended to
overestimate the transport of the finer material and very fine sand in
particular. It has been concluded that this is a valid criticism of the
basic Ackers-White procedure requiring additional analysis. It is sug-
gested that the best remedy lies in the adjustment of the exponent m.
The rationale and method of adjustment is discussed along with the
coefficient C, below.

e. A second problem coming out of the original Ackers-White procedure is
the behavior of the coarser material, primarily gravel and larger sizes.
This may have escaped notice previously because the transport was
usually limited to only the smaller gravel sizes. However, if the trans-
port is normalized so that each size is considered to cover 100% of the
bed, transport will increase as the sediment size increases.

The problem which is preseated in paragraph e is demonstrated in Fig-
ure 46 where a Froude number range from 0.3 to 1.2 is considered. (The
effect becomes myuch more pronounced at still higher Froude numbers.) A
hypothetical discharge, and width were picked for a wide rectangular channel.
The required depth was then calculated to match the selected Froude numbers.
Finally, the slope was determined so as to satisfy the Manning equation at
constant Manning n. The calculations for sediment transport concentration are
based on the assumption that each sediment size (very fine sand up to large
cobbles) completely covers the bed.

Except for the smaller Froude numbers, there is a reversal of the curve for
sediment sizes in excess of D, equal to approximately 60. Beyond this point,
the sediment transport increases as the sediment size and D_, increase. This,
of course, is entirely unrealistic. The effect is more pronounced for Fr > 0.8
(the recommended upper limit of validity as recommended by Ackers and
White).

Here, there is little to go on except the illogical behavior of the current
Ackers-White procedure with regard to the larger sizes. One possible fix for
this problem is to replace the existing functions for C with alternative equa-
tions. The proposed changes to C will also be discussed below.

Chapter 8 Incorporation of the Prasuhn Procedure into HEC-8




Adjustments to mand C

It has been established that there are problems with both the Ackers-White
procedure and the modifications thereto. The recommended adjustment for m
is to replace the existing functions with an alternative expression which
reduces the magnitude of m for very fine sand and, to a lesser degree, fine
sand without affecting its magnitude for the larger sediments. The following
set of equations were tested at the U.S. Army Engineer Waterways Experiment
(WES) to determine a best equation:

m = s.419/08,°'9 + 1.289 (14a)

09 (14b)
m = 8.027/D,, " + 1298

0.9 (140)
m = 7.635[D, " + 1308

0.9 14d)
m =7.244/D,, " + 1318 (

0.9 (1“)
m = 6.852/D,, " + 1328

These equations all achieve the goal of reducing the transport of the finer
sediments without materially affecting the transport of the larger sizes. Equa-
tion 14e has the most effect. In each case the exponent of 0.9 was chosen to
minimize the effect on the larger sizes.

Typical values of m for the original equation (Equation 6) as well as Equa-
tions 14a-e are given for various values of Dgr in Table 1.

The coefficient C was likewise to be tested by a set of equations. For Dgr
values up to 166.7, the original equation (Equation 5) was used, but now
extended over the greater range.

log C = 2.86 log Dy, - (log D,)* - 3.53 ()

Above Dgr = 166.7 the alternative equations were

Chapter 8 Incorporation of the Prasubn Procedure into HEC-8
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C = 0.00772 (159)
C = 0.3166/Dy, + 0.00582 (15b)
C = 0.6296/Dy, + 0.00394 (15¢c)
C = 0.9426/Dy, + 0.00207 (15d)
C = 1.235/Dy, + 0.000316 (15¢)

Typical values of C for D, > 166.7 based on Equations 15a-¢ are given for
various values of Dy, in Teblé 2. Unfortunately, adequate time was not
Weatmbawywmofmeabmequmuumiﬁnﬂy
intended. The test sets that were completed only invoived the sand sizes s0
the range of equations for C was not assessed. The only tests that ran success-
fully were those pertaining to the HEC-6 Example 1 involving the Ozark
Reservoir. Example 1 ran with most of the proposed equations for m, the
original Ackers-White procedure (MTC = 7), Test Example 1 using the
Toffaleti procedure (MTC = 1), and Test Example 3 which is identical to Test
Example 1 except that the Laursen procedure (MTC = 3) is used for sediment
transport. Regrettably, there was some confusion in these runs and results for
oaly four of the five m equations survive.

The HEC-6 computer results are tabulated in Tables 3-9. Tables 3, 4, and
S are the Toffaleti, Laursen, and original Ackers-White results, respectively.
Each of the tables contains two parts reflecting runs of 1 and 64 days. The
original Ackers-White procedure gives higher transport of the finer material as
expected, by as much as a factor of 2. The very fine sand ia the sediment out-
flow perhaps best demonstrates this tendency. The effect is reduced during the
second time interval, but this involves the HEC-6 computations and iterations
10 a greater extent. Tables 6, 7, 8, and 9 refer to successive equations for m.
The increased reduction in very fine sand is appareat in each table. Again the
effect is reduced for the second time period. It is felt that the reduction
afforded by Equation 14b (Table 7) gives the best results, and this becomes the
recommended equation for m, although additional study is also recommended.

Although the tests run at WES did not provide any insight into the behavior
of different equations for C on HEC-6 output, the equations had beea tested to
some extent previously. Equation 15e received the greatest atteation, and on
this somewhat limited basis Equation 15d is recommended at present. This is
also subject to the recommendation that additional testing be undertaken.

Chapter 6 incorporation of the Prasuhn Procedure into HEC-8




The above changes must be reasonable and consistent with the original
Ackers-White procedure. Refer to Figure 47, which is a copy of Ackers and
White’s Figure 3 (1973). Here the proposed changes to m and C have been
added to the Ackers and White graphs, illustrating that the proposed changes
are consistent with their original data. In addition, they must not contradict the
soundness or logic of the original Ackers-White procedure. The first point
was somewhat satisfied by testing. The second can be justified as follows,
based on the development by Ackers and White (1973). The numerical values
in the expressions for the parameters A, n, m and C were ultimately determined
by regression analysis. They (Ackers and White) explain that the regression
first led to the expression for n followed by the incipient motion parameter A.
At this point, the expressions for m and C were determined. Since the pro-
posed changes in m and C are in mutually exclusive ranges of D, there
should be no violation of the original logic, other than the changes in m and C
themselves.

Chapter 8 Incorporation of the Prasuhn Procedure into HEC-8
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7 Conclusions and
Recommendations

No matter which version or form of Ackers-White is used, the argument of
the log function in the expression for the mobility number or factor (Equa-
tion 1) must remain greater than zero. This requires that y/d, > 0.1. This
should be included in any code involving Ackers-White. For example, in the
preseat subroutine ACKER, the following IF statement should be added shortly
after statement 131 and immediately after the comment line "FGR =

SEDIMENT MOBILITY FACTOR":
IF (EFD LE 0 - 1°SD(T))THEN
FGR=0

GOTO (the write statement immediately ahead of existing statement
number statement 141)
ENDIF

Subsequently, under the sbove conditions, the calculation for GP(I) needs to be
bypassed so that GP(T) will remain at the initialized value, SPV. (A standard
fix up in the existing log function may already accomplish the same goal, but
if it does not, this should avoid problems.)

The expansion of the code to cover 15 sand and larger sediment sizes is in
operational order. It should be useful for at least cobble ied streams and will

increase the range of HEC-6 whea incorporated into the program.

Most important are the conclusions and recommendations concerning the
Ackers-White procednre. It is still felt that there is some significant gain in
the modified procedure as developed at South Dakota State University. How-
ever, it is now felt that the improvements are strictly valid only when the bed
distribution is broadly graded. It may still be desirable to incorporate the
program into HEC-6 under these conditions. Although icasonably verified
against a broad range of river data, this study does not demonstrate a signif-
icantly improved function when tested in HEC-6. The testing did ideatify
problems and point the way to simple, yet direct, improvements to the Ackers-
White procedure. By replacing the functions for m and C in the original
Ackers-White procedure, much of the criticism of the procedure is eliminated.
It is recommended that the existing subroutine ACKER be used in HEC-6 with

Chapter 7 Conclusions and Recommendalions




the changes made to the equations for m and C as given in Equations 14b and
15d. If the modified procedure using the bed coefficient S is still of interest to
WES, that code can be provided.

By the end of this study the direction of work had changed abrupdy, but
for the better. The end product is simpler than eavisioned at the start, but the
recommended changes are significant. Time was not available at the end to
fully evaluate these changes. Consequeatly, while the changes will improve
the performance of the subroutine ACKER in HEC-6, they may not yet be
optimized. It is recommended that the equations for m and C be tested further.

Chapter 7 Conclusions and Recommendations
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Figure 1. Curve for Avs d,
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Figure 2. HRS Series A, Total Concentrations



HRS SERIES A RUM 5 ’

o 0oooo L-B

~ 0000 PRASUHN
s 9 sx»es PROPOSED

,/ o %

0.1

0.01

Calc. Concentration (mg/I)

0.001
0.001 0.01 0.

1 1
Actual concentration (mg/1)

Figure 3. HRS Series A, Run 5, Concentration by Size Fractions
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Figure 4. HRS Series A, Run 5, Concentration by Size Fractions
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Figure 5. HRS Series A, Run 7, Concentration by Size Fractions
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Figure 6. HRS Series A, Run 7, Concentration by Size Fractions
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Figure 7. HRS Series A, Run 8, Concentration by Size Fractions
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Figure 8. HRS Series A, Run 8, Concentration by Size Fractions
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Figure 9. HRS Series A, Run 9, Concentration by Size Fractions

HRS SERIES A RUN 9

222090 ACTUAL
Geess | -B
2606€ PRASUHII
opbird PROPOSED

40

Concentration (mq/1)
o

L | | 1 T ¥ 1 A | L) 1 § 1
8 91011121314151617181920
1ize Fractions

Figure 10. HRS Series A, Run 9, Concentration by Size Fractions
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Figure 11. HRS Series A, Run 10, Concentration by Size Fractions
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Figure 12. HRS Series A, Run 10, Concentration by Size Fractions
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Figure 13. HRS Series A, Run 11, Concentration by Size Fractions
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Figure 14. HRS Series A, Run 11, Concentration Size Fractions
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Figure 15. HRS Series B, Total Concentration
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Figure 16. HRS Series B, Al Runs, Concentration by Size Fractions
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Figure 17. HRS Series B, Run 3, Concentration by Size Fractions
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Figure 18. HRS Series B, Run 5, Concentration by Size Fractions
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Figure 19. HRS Series B, Run 6, Concentration by Size Fractions
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Figure 20. HRS Series B, Run 8, Concentration by Size Fractions
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Figure 21. St. Anthony Falls, Run 1, Concentration by Size Fractions
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Figure 22. St. Anthony Falls, Run 1, Concentration by Size Fractions
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Figure 23. St. Anthony Falls, Run 2, Concentration by Size Fractions
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Figure 24. St. Anthony Falis, Run 2, Concentration by Size Fractions
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Figure 25. St. Anthony Falls, Run 3, Day 3, Concentration by Size Fractions
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Figure 26. St. Anthony Falis, Run 3, Day 3, Concentration by Size Fractions
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Figure 27. St. Anthony Falls, Run 3, Day 9, Concentration by Size Fractions
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Figure 28. St. Anthony Falls, Run 3, Day 9, Concentration by Size Fractions




SAINT ANTHONY FALLS LAB ¥
MIXTURE RUN 4 DAY 3

2 2 aasaed

n
\

Calc. Concentration (mg/1)

0.1

L T rTyiey T LB IR AALL ¥ T rvrveng

0.1 1 .10 100
Actual Concentration (mg/1)

Figure 29. St. Anthony Falls, Run 4, Day 3, Concentration by Size Fractions
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Figure 30. St. Anthony Falis, Run 4, Day 3, Concentration by Size Fractions
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Figure 31. St. Anthony Falis, Run 4, Day 6, Concentration by Size Fractions
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Figure 32. St. Anthony Falls, Run 4, Day 6, Concentration by Size Fractions
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Figure 34. Platte River, Sample 1, Concentration by Size Fractions
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Figure 35. Piatte River, Sample 4, Concentration by Size Fractions
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Figure 36. Platte River, Sample 6, Concentration by Size Fractions
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Figure 37. Platte River, Sample 8, Concentration by Size Fractions
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Figure 38. Platte River, Sample 10, Concentration by Size Fractions
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Figure 39. Platte River, Sample 11, Concentration by Size Fractions
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Figure 40. Piatte River, Sample 12, Concentration by Size Fractions
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Figure 41. Piatte River, Sample 13, Concentration by Size Fractions
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Figure 42. Platte River, Sample 14, Concentration by Size Fractions
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Figure 46. Concentration Distribution as a Function of the Froude Number
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Figure 47. Ackers and White (1973) Figure 3
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